Contamination control is of critical importance for the success of most aerospace programs. Thermal control surfaces, solar arrays, and optical devices may be adversely affected by even miniscule levels of molecular and/or particulate contamination. There is a wealth of data available on the subject of contamination and its effect on specific spacecraft systems. However, what is rarely discussed are how one: a) quantifies the level of contamination that must be maintained in order for the system to function properly, and b) enforces contamination control to ensure compliance with requirements. This paper summarizes recent efforts to addresses these specific issues which have culminated in the development of a handbook on contamination control that illustrates process and methodology while providing direction to more detailed references as needed.
INTRODUCTION
Contamination may be simply defined as any foreign matter. In general, contamination is grouped into two broad categories labeled molecular and particulate. Molecular contamination refers to the cumulative buildup of individual molecules of foreign matter. An example of molecular contamination is the familiar odor of plastics or the "new car smell". These are indications of volatile molecules being generated by organic materials. Molecular contamination may occur during ground processing, but is usually of more concern on orbit, (H20 especially). Particulate contamination refers to the deposition of visible, (tm sized), conglomerations of matter. Surfaces that become dusty and eyeglasses that require periodic wiping are an indication ofthe presence of particles in the atmosphere. These particles, which are deposited mainly during ground operations, will fall from the air onto exposed surfaces.
Effective contamination control is essential for the success of most aerospace programs because the presence of contamination, even in miniscule quantities, can degrade the performance of spacecraft hardware. The presence of contamination on thermal control surfaces will alter absorptance/emittance ratios and change thermal balance, while contamination on solar arrays will decrease power output. Contamination in optical instruments will decrease signal throughput and can scatter the signal beyond the diffraction design, thus further decreasing performance. The end result of contamination may be intuitively obvious. What is not obvious, however, is how one: a) quantifies the critical level of contamination, and b) enforces contamination control to ensure compliance with requirements. Consequently, in 1994 the NASA Space Environment Effects program funded development of a reference handbook, and accompanying "expert system" tool, on the subject of contamination control.' The objective of the program was two-fold. First, to furnish spacecraft system engineers and payload providers with a means of quantifying the contamination cleanliness levels required for proper performance of their equipment, and second, to provide insight into what procedures and processes will have to be maintained during fabrication, assembly, integration, test, launch and operation in order to maintain those levels on orbit. The documentation would provide users with a detailed reference illustrating the methodology used to quantify many unknowns, while the expert system tool would enable users to generate top level results for specifications or other program specific applications within a very short time -usually on the order of minutes. This paper summarizes the process used to generate the results quoted in the general guidelines and presents the main conclusions and design guidelines recommended for effective contamination control.
QUANTIFYING MOLECULAR CONTAMINATION LEVEL REQUIREMENTS

Effects of Molecular Films
In general, if a ray of light is incident upon a surface that is contaminated with a thin layer of molecular contamination the film will absorb a fraction of the incident energy. The energy drop over a region of thickness Ax is given by
where IQ,&) is defmed as the energy flux ofwavelength X reaching depth Ax. The amount of absorption can be expected to be directly proportional to the thickness ofthe region, Ax, and the amount of incident energy, I(2,O), so that
where a(X) is defined to be the experimentally determined absorption coefficient of the contaminating layer. Solving Equation 2 it is seen that
From the definition of absorption, the absorptance of a contaminated surface is therefore given by
Similarly, it can be shown that the reflectance of a contaminated surface is given by
while the transmittance is given by
Note that the factor of 2 is present in the exponential of Equation 5 because a ray of light would have to transverse the contaminant film, be reflected, and transverse the contaminant film a second time to avoid being absorbed. As a consequence, surfaces that are designed to minimize absorptance of incident solar radiation, such as thermal control surfaces, see an increase in absorptance. Because of the relation between solar absorptance and temperature these surfaces will see a temperature increase that is proportional to the increase in solar absorptance, which can be calculated from the defmition
a +La5 = __________________________________ JS(2)d2.
Similarly, surfaces that are designed to be transmissive, such as solar array coverslides or optical elements, will become darker and lose transmissivity. For the case of a solar array, the degradation in power output is estimated by the relation
where 15(X) (W/m) is the spectral response of the cell, a measure of how effectively the cell converts a particular wavelength of light into power. A similar relation may be deduced for optical elements depending on the absorptance of the contaminant film in the waveband of interest.
Generation, Transportation and Deposition of Molecular Contaminants
Experimental data indicate that outgassing is seen to vary either: i) as an exponential function of time, ii) inversely as a power of time, or iii) independently of time, depending on the mechanism responsible for the outgassing process. These three outgassing processes are known as desorption, diffusion, and decomposition, respectively. Desorption is the release of surface molecules that are held by electrical (chemical) forces. Diffusion is the homogenization that occurs from random thermal motions. Contaminants that diffuse to the surface of a material may have enough thermal energy to escape the surface forces and simply evaporate into the local environment. Finally, decomposition is a type of chemical reaction where a compound divides into two or more simpler substances, which may then outgas through desorption or diffusion.
In addition to the time dependency, each process is seen to depend exponentially on a unique range of activation energies, Ea, (the energy required to initiate the process), and temperature, T, (the measure of the available thermal energy), according to the relation exp(_ERT) . The activation energies define a temperature range over which the various reactions are considered likely, (jrovided that they are chemically possible in the first place). Because desorption involves only surface films it will usually contribute comparatively little to total mass loss on orbit, even though it has a low temperature dependence and fast time constant. Note, however, that desorption is the mechanism responsible for removing contaminant layers from metals. Similarly, decomposition usually contributes comparatively little to total mass loss due to its high temperature dependence and time independence. Diffusion, on the other hand, has a mid-range temperature dependence and mid-range time constant. Because diffusion is the mechanism responsible for outgassing from organic materials, and involves the total mass of organic material present, it is the mechanism that is the major source of outgassing on orbit.
The amount of mass loss due to diffusion can be represented by the relation dm exp_Ea/RT (9) -(t,T)=Cm dt where C (s 1/2) is a normalization constant that must be experimentally determined, m (kg) is the amount of mass contributing to the outgassing, Ea (kcal/mole) is the activation energy, R (kcal K/mole) is the gas constant, T (K) is the temperature, and t (s) is the time. Integrating Equation 9 provides an expression for the amount of mass outgassed between time t1 and t2. The amount of matter that is outgassed by a material is dependent on the materials specific outgassing characteristics, which are contained in the normalization constant C and the activation energy Ea. The normalization constant can be determined from the standard outgassing test, ASTM E 595•2
Once the amount of mass that is available to contaminant a sensitive surface is known, it is necessary to turn to geometrical relations to determine the amount of mass that can reach a sensitive surface. For example, mass outgassed internal to a spacecraft may have the opportunity to exit through one or more pre-determined spacecraft vents. The probability of leaving through any single vent will be in direct proportion to the vent area in relation to the sum of all vent areas. The mass exitance is defined by M1=i_L, (10) dt dA1 where dm 1/dt is obtained from Equation 9 and is the area of the outgassing source, (for example, the cross sectional area of a vent). The reason for introducing the mass exitance is that MIL STD 1246C defines molecular contamination levels in terms of mass per unit area. Once the exitance is known, what is then needed is the amount of mass per unit area that reaches a specific point within a separate area on the sensitive surface, dA2. For this reason, we define the view factor used in many outgassing calculations as vi2 = JCOSOC2OSdAi. 7tr (11) Note that the values of 9 and 4 are defined by the point of impact within dA2, Figure 1 . Using this expression, the mass of contaminants per unit area per unit time which arrive at a specific point in dA2, after having originated from d41, is given by r 1 =iVF12.
The thickness of contaminants at a specific point in dA2 is obtained by simply dividing Equation 14 by the density of the contaminant, p (g/cm3). Explicitly, the thickness of contamination that is outgassed by dA1 and impacts a specific point within 2 is given by
itr2 (13) where 9 is the angle between the normal to the outgassing source and the radius vector to the collection point, j is the angle between the normal to the collection point and the radius vector from the collection point, and ris the distance between source and collector as illustrated in Figure 1 . If there are numerous sources contributing to outgassing, the total mass reaching a given point of interest is simply the sum of the parts. If a source does not have a direct line of sight to the collection point of interest, its view factor for direct deposition is zero. An outgassing source may be an extended surface, such as a thermal control panel covered with an outgassing paint, or may be quite localized, such as outgassing through a spacecraft vent or from a single electrical SPIE Vol. 2864 / 7 normal to dA1 normal to dA2 dA1 component. Contamination may also come from thermal blankets or multilayer insulation. If two or more payloads are carried into orbit on the same launch vehicle, one payload may be degraded by contamination from the other payload. Any material that may outgas is a potential source of contamination.
If an outgassed molecule impacts a surface, experimental evidence confirms that, in most cases, the outgassed molecule will adhere to the surface and establish thermal equilibrium. The contaminant molecule will then remain attached to the surface until, following the random probabilities of quantum mechanics, it acquires enough energy to escape the electrical attraction to the surface. The average residence time on the surface is therefore related to the surface temperature and is approximated by the expression 'r(T) = r0expEa'RT,
where -r0 is the oscillation period ofthe molecule on the surface.3 Scialdone reports oscillation times on the order of 1O_14 to lO_12 with 1O_13 being average.4 Conversely, Naumann reports an oscillation period for water of 1O_16 For most applications, the actual value of-c0 is not that critical as most outgassed contaminants will have a very short residence time on all but cryogenically cooled surfaces. For example, water, with an activation energy of -1 1 kcallmole, has a residence time of 1 x 1011 5 Ofl a surface at 100 K, but only 10 ts on a 300 K surface, Figure 2 . If a contaminant molecule has a residence time long in comparison to the life ofthe mission, it can be assumed to remain permanently. A contaminant layer may build up on a surface provided that the arrival rate of contaminants exceeds the rate of departure. That is, contamination will accumulate if at least some of the incident contaminant molecules have a residence time that is long in comparison to the time period of interest. The accumulation rate is approximated by (Ax \ (15) x2(t,T)= where l' (T) is the sticking coefficient, i.e., the fraction of incident molecules that attach "permanently" to the surface, and Ax2/At is the arrival rate given by Equation 14. 'y may be assumed to be 1 .0 for worst-case predictions or for cryogenic surfaces where the residence time of most contaminants is long. However, the ASTM E 595 results would predict a sticking coefficient of 0.1 for room temperature surfaces, in agreement with the fraction of TML that remains as CVCM. If more detailed calculations are required, the evaporation rate can be estimated from the accumulation rate and the residence time or from the relation developed by Brunauer, Emmett, and Teller to describe multilayer adsorption.6 Their equation has become commonly known as the BET equation.
Discussion of Molecular Contamination Concerns
As summarized in Table 1 , while many spacecraft elements are sensitive to contamination, the actual amount of contamination that an element can tolerate is highly dependent upon its function. As shown, UV sensor elements are the most sensitive to contamination, while IR sensor elements are least sensitive. This is a reflection of the fact that spacecraft contaminants are most absorptive in the UV and least absorptive in the JR. This Table ignores the effects of particulate contamination, and the issue of contamination control, and should not be taken out of context. As will be seen in the next two chapter, visible and IR sensors are extremely sensitive to particulate contamination. For these elements, the required particulate contamination levels often drive the design of the entire spacecraft. The effects of molecular contamination can best be controlled by minimizing the amount of contamination that is: i) generated, ii) transported, and iii) deposited on a surface. The effects of contamination would also be reduced if the absorptance profile of the contaminants were minimized, but since this is rarely (if ever) an option it is not seriously discussed here.
As shown in Table 2 , design options to minimize contamination fall into four categories: materials, design, operations, and margin. Most organic materials on board a spacecraft can be a source of outgassing. For this reason, simply choosing materials that do not generate many outgassed by-products is the simplest solution. When possible, selecting low outgassing versions from a list of candidates can prevent many problems from occurring. If this is not an option, pre-flight treatment of the material may be necessary to reduce its on orbit outgassing. Table 2 . Design guidelines to minimize molecular contamination.
Materials Selection
Choose low outgassing materials for all applications, (adhesives, paints, coatings, ...)
Pre-Treatment
Consider vacuum bakeout of critical materials before installation in the vehicle Design Locate vents and thrusters with minimal view factors to sensitive surfaces
Operations Ground
Jnsure good contamination control procedures during assembly and test, provide for inspection and cleaning of sensitive surfaces Flight Allow time for on orbit bake out during early operations, provide cooler surfaces the opportunity to warm up and outgas condensed films Margin Allow for degradation in both ground and flight operations First, the dust will prevent some light from reaching the underlying surface. Some effects of particulate contamination are therefore proportional to the surface obscuration, or the percent area coverage (PAC). Solar arrays, thermal control surfaces, and optical surfaces may all be degraded due to surface obscuration. Secondly, the particles may scatter light off of its original direction of .travel. This is a critical concern for many optical systems. 
QUANTIFYING PARTICULATE CONTAMINATION LEVEL REQUIREMENTS
Effects of Particles
By definition, particles are visible (tm-sized) conglomerations of matter that deposit onto surfaces exposed to the environment. In the colloquial sense, they are simply "dust". Particles are a natural part of the environment as is familiar to anyone who has ever dusted a mantelpiece or washed a car windshield. Modeling a particle as a sphere of arbitrary size, as shown in Figure 3 , we see that the effect of the dust on the surface may be twofold. Based on conservation of energy and momentum, a perfectly smooth surface would satisfy the condition that the angle of incidence 0, is equal to the angle of reflection 8r Because no physical surface can ever be perfectly smooth, all real optical devices will have surface imperfections due to cracking, pitting, or particulate contamination. One effect of these imperfections is to scatter a small fraction of the incident light at angles other than 9r 0j. One measure of the scatter of optical components is the bidirectional reflectance distribution function (BRDF), which is the scattered surface radiance divided by the incident surface irradiance.7 BRDF is a function of many variables and is defined by dL (0 h .9 k E where L5 (W m2 sr1) is the scattered radiance measured at (, &) and I, (W/m2) is the incident irradiance from (Os, 4) as illustrated in Figure 4 . Units of BRDF are sr1. Intuitively, BRDF can be defined as the ratio of the scattered power measured by a detector to the incident power on the sample, divided by the projection of the solid angle of the detector on the sample surface.
SOURCE 2t
BRDF is closely tied to sensor performance characteristics. For example, one measure of sensor performance is Point Source Transmittance (PSI). PST is defined as the fraction of the signal strength from an off-axis point source that is transmitted to the focus ofthe optical train. The relation between BRDF and PST is (17) PST where L is the focal length of the optical train, D is the aperture diameter, 8 (rad) is the angle between the normal and the point source, and s is a parameter that varies from 1, for typical optics, to 2, for superpolished mirrors. Consider the example of a space-borne sensor, such as the Hubble Space Telescope, that is pointing at a faint star cluster that lies within a few degrees of a bright object such as the Sun. The fraction of energy from the Sun that reaches the focal plane will be the product ofthe total solar output, 1350 W1m2, and the sensor PST. The PST value, and consequently the BRDF value, would have to be quite small in order for the reflected solar radiation not to overwhelm the faint signal from the star cluster, or possibly even damage the sensor itself. This places a dual constraint on both the Sun exclusion angle (the minimum angular separation between the Sun and objects of interest) and surface cleanliness levels.
As with molecular contamination, surface particle cleanliness is quantified by MIL STD 1246C. The surface cleanliness is specified by a numerical value, which is interpreted as the size, in .tm, of the largest particle that has an average distribution of one per ft2 or one per 0. 1 m2. Larger particles would occur less frequently than once per ft2, while smaller particles occur more frequently. Empirical observations indicate that particle size distributions on surfaces exhibit a geometric mean near 1 jim, and are described by the relation
where N(x) is the number of particles/ft2 greater than or equal to x, x (tm) is the particle size, X1 is the surface cleanliness level, and C ' is a normalization constant approximated in the MIL STD by 0.9260. It is important to note that the value of C' is based on measurements of precision cleaned parts and is therefore representative of cleaned products. Factoring in the presence of submicron sized particles, which the MIL STD ignores, modifies Equation 18 to 2 2 (1ogx
where the last term approaches zero for large X1 and large x. Surface cleanliness as a function of PAC may also be determined. It can be shown that a PAC of 1% equates to surface cleanliness level of about 500.
Generation, Transportation and Deposition of Particulate Contaminants
The buildup of particles on a surface is directly related to the amount of particles in the surrounding air. Viscous drag will balance the fall of particles under the influence of gravity, but over time more and more particles will fall out of the atmosphere onto exposed surfaces. FED-STD-209E defines air quality in terms of the maximum allowable number of particles per cubic meter, or cubic foot, of air. In SI units, the name of the air class is taken from the base 10 logarithm of the maximum allowable number of particles, 0.5 tm and larger, per cubic meter. In English units, the name of the class is taken from the maximum allowable number of particles, 0.5 jtm and larger, per cubic foot. The concentration limits are approximated by
where M is the numerical designation ofthe class in SI units and N is the numerical designation ofthe class in English units.
Class 10,000 (M 5.5) cleanrooms are typical of most spacecraft manufacturing cleanrooms. Nominal industrial quality air may be class 3,500,000, (M 8), or worse, while class 100, (M 3.5), laminar flow benches may be required for the assembly of sensitive optical components. Note that air class is specified in terms of the maximum allowable. Air quality in operational cleanrooms is generally well below maximum.
Empirical observations indicate that the average fallout rate of 5 im particles onto a horizontal surface, (the floor), is given by dN(5pm,t) 0.773 (21) dt where c and p are normalization constants, N is the number of particles >5 .tm in size per ft3 of air, and dN/dt, the fallout rate, is interpreted as the number of particles > 5 j.tm settled per unit area per day.8 The coefficient c is chosen for consistency with the desired units. The value c = 1 is used if dN/dt is measured in particles per square feet per day, while the value c = 1.076 is used if dN/dt is measured in particles per 0.1 square meters per day. Suggested values for p. as a function of cleanroom characteristics, are listed in Table 2 . Laminar flow bench air velocity> 90 ft/mm. 578
Integrating Equation 2 1 gives the total number of particles >5 im present on a surface as a function of time, N(5im, t) = cpN°773t .
From the defmition of air quality, it is seen that 
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Solving this expression gives surface cleanliness as a function of time. Note that particle buildup on vertical surfaces should be about 1/10 ofthe horizontal value while downward facing surfaces may see a buildup ofonly 1/100 the horizontal value.
Discussion of Particulate Contamination Concerns
The actual power degradation from a contaminated solar array is seen to be less than the PAC. This is presumably because the particles do scatter some light into the coverslide itself, rather absorbing it all or scattering it back to space. In any case, a 1% power degradation due to particles equates to a 2.25% PAC. This PAC in turn equates to a surface cleanliness of level 520. As can be shown, this is sufficiently dirty to be easily seen during pre-launch inspection. We can therefore conclude that this level of pre-launch contamination would be seen and removed before flight. Given that the particle levels deposited on orbit should be small enough to be of concern only to optical sensors, particulate contamination should not produce any noticeable power losses on orbit. Consequently, as a rule almost the entire contamination budget for a solar array may be allocated to molecular contamination.
The change in ct/c due to particles is a function of PAC. While experimental values of temperature increase due to surface particle contamination are not found in the open literature, a little calculation shows that the effect will be small.
Consider an extreme case where the emissivity of a radiator is altered by the particles. If Ccie, 1 and c = 0, it can be shown that a surface particle level of-S 650 will be required to increase the temperature by 1%.. The other extreme would be contamination with c = 1 on a surface which has a low emissivity, (Ccien 0. 1 is about as low as Cclean can reasonably be for infrared wavelengths). In this case, it can be shown that a surface particle level of 450 would be required to have a 1% effect on radiator temperature. Facey and Nonnenmacher report that black particles on light surfaces appear to have to have an effective emittance of approximately 0.50, not 1 .0. This is presumably due to thermal conductance between the particle and the surface. This implies that the surface particle levels where the 1% effect would be noticed can be raised to 775 and _ 600, for the two cases just discussed, respectively. It is noted that the effect of dark contamination on a light surface is to lower the temperature. This can cause problems ifthe contamination causes a fuel tank to freeze, for example.
Additionally, problems can arise due to mismatch of solar absorptance. Again, dark contamination on a light colored surface would lead to undesirably high temperatures. Here ascican can be as low as 0.05, while 8cie cannot exceed 1 .0. A surface particle level of -350 is required to increase the temperature by 1%. This confirms the fact that effects on solar absorptance are usually more critical than effects on emissivity.
Consider the example of a sensor that is viewing a target an angle 9 off axis from the Sun. Because the PST of the sensor will be nonzero, some of the energy from the Sun will be scattered onto to the focal plane. (This is the definition of PST.) As shown by Equation 17, the number of photons reaching the detector will be a function of surface cleanliness, (BRDF) , as well as the angle between the Sun and the optical axis. The purpose of the detector, or focal plane, is to convert the light from the signal into electrons. These signal electrons are stored in a capacitor in the focal plane for some predetermined integration time that is necessary to build up the signal strength to a level that can insure detection with a high level of probability. During the processing of the signal, the signal will be "contaminated" with electrons from sources other than the signal, called noise. The critical parameter in optical design is the signal to noise ratio. If the "usual" noise sources are supplemented by noise, (stray light), from the Sun, the strength of the noise will increase and the signal to noise ratio will decrease.
By inspection, the number of focal plane electrons, (noise), generated by off-axis scatter from the Sun is approximated by S (25) e,OAS = Apixei[JPST1At where Apixei (m2) is the area of the primary mirror that contributes light to a single pixel, (equal to the area of the primary minor divided by the number of pixels in the focal plane array), (W m2) is the solar intensity in the waveband of interest, PST is defined by Equation 17, i is the fraction of solar radiation reaching the focal plane that produces an electron, and i\tis the integration time ofthe sensor. Utilizing defmed system parameters, including sensor BRDF values, the signal to noise ratio of the detector, as a function of cleanliness and off-axis angle, can be determined. If the surface is dirtier than the requirement, the Sun exclusion angle must increase. If the surface is cleaner, the Sun exclusion angle may decrease. Increasing the area of the primary mirror, LID, or the integration time of the sensor will relax the cleanliness requirement, (by raising the minimum value of As with molecular contamination, the effects of particulate contamination can be minimized by minimizing the amount of contamination that is: i) generated, ii) transported, and iii) deposited on a surface. As shown in Table 4 , design options to minimize particulate contamination fall into the categories: air quality, design, operations, and margin. The successful development of "Contamination Control Engineering Design Guidelines for the Aerospace Community" enables rapid quantification of system cleanliness requirements and prediction of end of life cleanliness levels. When the information presented here is combined with an expert system learning tool, a software tool that contains information on how to perform the various calculations in its "memory" and simply asks the user to quantify input parameters, the result is a powerfiil methodology for rapidly quantifying system contamination issues. Once system cleanliness level requirements, and end of life predictions are available, it is straightforward for the contamination control engineer to determine if the present design is sufficient -that is, if the requirement is dirtier than the prediction; or if a refinement of the design is needed -as would be the case when end of life predictions are dirtier than the requirement. It is anticipated that further work in this area can be simplified by following the methodologies outlined in the parent document, and that the expert system tool will provide a benchmark for further contamination control tool development.
14/SPIE Vol. 2864 cleanliness required), for a fixed value of SNR. (Unfortunately, these first two options invariably add mass and volume to the sensor and are not always viable options. Similarly, the sensor integration time must be kept small enough to avoid blurring of the image and will be fixed depending on the processing requirements and operational constraints of the system.) Conversely increasing the number of pixels in the focal plane or increasing the surface polish on the mirror, (the value of s), will make the cleanliness requirement more stringent, (by lowering the minimum value of cleanliness required.)
As shown in Table 3 , the amount of particulate contamination that a spacecraft element can tolerate is highly dependent upon its function, as well as spacecraft mission objectives and operational constraints. In general, concerns for the effects of particulate contamination on the performance of optical elements drive contamination control for the spacecraft. Particle cleanliness levels for thermal control surfaces or solar arrays are, even in worst case scenarios, significantly relaxed in comparison. In most cases, particulate contamination on thermal control surfaces and solar arrays can be controlled below critical levels by pre-launch cleanings so that the entire contamination budget for these surfaces may be allocated to molecular contamination. (This is definitely not the case for optics, however.) 
